Abstract Previously, safety and immunogenicity of human papillomavirus type 16 (HPV16) or 18 E7-pulsed dendritic cells (DC) vaccinations were demonstrated in a dose-escalation Phase I clinical trial which enrolled ten patients diagnosed with stage IB or IIA cervical cancer (nine HPV 16-positive, one HPV 18-positive). The goal of the study was to deWne the T-cell epitopes of HPV 16 or 18 E7 protein in these patients in order to develop new strategies for treating HPV-associated malignancies. This was accomplished through establishing T-cell lines by stimulating peripheral blood mononuclear cells with autologous mature DC pulsed with the HPV 16 or 18 E7 protein, examining the T-cell responses using ELISPOT assays, and isolating E7-speciWc T-cell clones based on IFN-secretion. Then, the epitope was characterized in terms of its core sequence and the restriction element. Twelve T-cell lines from eight subjects (seven HPV 16-positive, one HPV 18-positive) were evaluated. Positive T-cell responses were demonstrated in four subjects (all HPV 16-positive). All four were positive for the HPV 16 E7 46-70 (EPDRAHYNIVTFCCKCDSTLRLCVQ) region. T-cell clones speciWc for the E7 47-70 region were isolated from one of the subjects. Further analyses revealed a novel, naturally processed, CD4 T-cell epitope, E7 58-68 (CCKCD-STLRLC), restricted by the HLA-DR17 molecule.
Introduction
Cervical cancer represents the second most common malignant cancer in females worldwide. The close association between high risk human papillomaviruses (HPVs) and the development of cervical cancer is well documented [31, 34] . High risk HPVs, the most commonly human papillomavius type 16 (HPV 16) and HPV 18, encode two viral E6 and E7 oncoproteins. They are constitutively expressed in cervical cancer cells and are required for malignant transformation and the maintenance of malignant phenotype of cervical cancer [33, 34] . Therefore, high risk HPV E6 or E7 oncoprotein may represent an attractive target for immunotherapeutic strategies for cervical cancer.
IdentiWcation of T-cell epitopes of HPV E6 or E7 protein may be useful for the development of reWned peptide-based immunotherapy for cervical cancer and for evaluation of T-cell responses to antigens after immunotherapy. Three T-cell epitopes of HPV 16 (E7 11-20, E7 82-90, E7 86-93) were identiWed by analyzing the immunogenicity of the peptides encoded by HPV 16 E6 and E7 in vivo and in vitro [22] . HPV 16 E7 12-20 and E7 86-93 peptide were used to treat 18 patients with HPV 16-positive high-grade cervical or vulvar intraepithelial neoplasia in a vaccine trial [13] . Three subjects showed complete regression and six subjects had partial regression of their cervical intraepithelial neoplasia lesions. Another HLA-DQB1*02-restricted HPV 16 E7 71-85 epitope was identiWed from healthy donors, and immune responses to this epitope have been shown to be correlated with spontaneous regression of high-grade squamous intraepithelial lesions in HPV 16-positive women [21] . The goal of the present study was to characterize the HPV T-cell epitopes recognized in cervical cancer patients who were treated with the full length HPV 16/18 E7 protein-pulsed dendritic cells (DC) vaccines. In this manuscript, a novel HPV 16 E7 CD4 T-cell epitope [E7 58-68 (CCKCDSTLRLC) restricted by the HLA-DR17 molecule], within the most commonly recognized region among these patients, is described.
Material and methods

Subjects and T-cell lines
Ten subjects with stage IB or IIA cervical cancer (nine HPV 16-positive, one HPV 18-positive) in this study were participants of a Phase I escalating dose trial of HPV 16/18 E7 DC vaccine described previously [26] . Five subcutaneous injections of autologous mature DC pulsed with recombinant HPV 16 or 18 E7 protein were administered 21 days apart. The protocol was approved by the University of Arkansas for Medical Sciences Internal Review Board and the Food and Drug Administration. Written informed consent was obtained from each participant. Seventeen T-cell lines, established by stimulating peripheral blood mononuclear cells (PBMC) with autologous mature DC pulsed with full-length HPV 16 or 18 E7 protein [26] , were available from all ten subjects for this study. These PBMC were collected on day 56 after three vaccine administrations (referred to as time 1), on day 98 after Wve vaccine administrations (time 2), or on day 144 (without any further vaccinations; time 3). The T-cell lines were cryopreserved until 1 day prior to performing IFN-ELI-SPOT assays.
Synthetic HPV 16 or 18 E7 peptides
A set of 15-mer peptides overlapping by the central ten amino acids and a set of 9-mer peptides overlapping by the central eight amino acids for the HPV 16 E7 protein have been described previously [14] . A set of 15-mer peptides (also overlapping by ten amino acids) covering the HPV18 E7 protein were synthesized by CPC ScientiWc Inc. (San Jose, CA, USA). To deWne the core sequence of the T-cell epitope from subject 15- 
Identifying regions that contain potential T-cell epitopes
To identify regions that contain potential T-cell epitopes, an ELISPOT assay was performed utilizing a method previously used to study CD8 T-cell epitopes [16] . In this study, unselected T-cell lines were examined using peptide pools (three 15-mer peptides contained in each pool) covering the HPV 16 or HPV 18 E7 protein depending on the HPV type of the subject's tumor. Cell recovery was considered adequate when 1 £ 10 5 cells were available per well in duplicates for peptide wells and media wells.
MultiScreen-MAHA 96-wells plate (Millipore, Bedford, MA, USA) was coated with anti-IFN-monoclonal antibody (1-DIK; Mabtech, Stockholm, Sweden; 5 g/ml) overnight at 4°C. After the wells were washed and were blocked, 1 £ 10 5 cells were added per well along with pools of peptides (10 M of each) and recombinant human interleukin-2 (rhIL-2) (20 U/ml) in duplicate. Negative control wells contained media only, and positive control wells contained phytohaemagglutin (PHA) (10 g/ml). Following a 24 h incubation, the wells were washed, and secondary antibody (biotin-conjugated anti-IFN-monoclonal antibody; 7-B6-1, Mabtech) was added (l g/ml). After 2 h of incubation and washing, avidin-bound biotinylated horseradish peroxidase H (Vectastain Elite Kit; Vector laboratories Inc., Burlingame, CA, USA) was added. After 1 h of incubation, the wells were washed, and spots were developed using stable diaminobenzene (Research Genetics, Huntsville, AL, USA). The spot-forming units were counted using an automated Elispot analyzer (Cell Technology Inc., Jessup, MD, USA). HPV 16/18 E7-speciWc T-cell responses were considered positive if averaged spot-forming units in peptide-containing wells were at least twice as those in the negative control wells containing media only [12, 16] .
Selecting and growing antigen-speciWc T-cell clones
Using a method previously developed by our group for characterizing HPV-speciWc CD8 T-cell epitopes, antigenspeciWc T-cell clones were isolated and characterized [14, 15] . SuYcient cells from the T-cell lines were remaining only for subjects 15-03 and 15-04 to perform this part of the analysis. BrieXy, the T-cell lines were stimulated with positive peptide pools (10 M each), and were positively selected with the use of the IFN-Secretion Assay Cell Enrichment and Detection Kit (Miltenyi Biontec Inc., Auburn, CA, USA) following manufacturer's instructions. Antigen-speciWc T-cell clones were isolated using a limiting dilution method as described previously [15] .
Screening T-cell clones
An ELISPOT assay was used to screen for epitope-speciWc T-cell clones as previously described [15] . Two 15-mer peptide pools (10 M each peptide) covering the HPV 16 E7 46-70 region and covering the HPV 16 E7 61-85 region, respectively, were used. The wells that showed spots in an ELISPOT plate with one peptide pool, but not in other plates, were considered to contain T-cell clones possibly with the speciWcity of interest.
ConWrming the speciWcity of T-cell clones T-cell clones that were positive in the screening ELISPOT assay were retested again to conWrm the speciWcity using individual 15-mer peptides (10 M) contained in the positive peptide pool. One thousand T-cell clone cells were added per well in triplicate along with 1 £ 10 5 autologous Epstein-Barr Virus-transformed B-lymphoblastoid cell line (LCL) cells and rhIL-2 (20 U/ml). Otherwise, ELISPOT assay was performed as described above.
Determining the mode of antigen presentation
To assess whether the T-cell epitope being studied is processed endogenously through the MHC class I pathway, an ELISPOT assay was performed using the autologous LCL cells (1 £ 10 5 cells per well) infected with previously described recombinant vaccinia virus expressing the E6 protein (E6-vac), E7 protein (E7-vac) or the wild-type virus, Western Reserve (WR), at a multiplicity of infection of Wve in duplicate along with rhIL-2 (20 U/ml) [17] . One thousand T-clone cells were added to each well. As a positive control, a T-cell clone (27G6), previously demonstrated to recognize HPV 16 E7 79-87 (LEDLLMGTL) endogenously processed CD8 T-cell epitope restricted by the HLA-B60 molecule, was included [14] .
Another ELISPOT assay was performed to assess whether the T-cell epitope of interest is processed through the MHC class II pathway using recombinant E7 proteinpulsed autologous mature DC [26] . Two thousand Wve hundred DC pulsed with recombinant E7 protein were plated per well in duplicate. Peptide (HPV 16 E7 56-70; 10 M)-pulsed DC were used as a positive control, and DC alone were included as a negative control. One thousand T-clone cells, 5 £ 10 4 autologous LCL cells, and rhIL-2 (20 U/ml) were added to each well.
Characterizing the surface phenotype of the T-cell clones
The T-cell clones were stained with CD4-PE/CD8-FITC cocktail, CD3-FITC/CD16-PE cocktail, and corresponding isotype controls (Caltag Laboratories, Burlingame, CA, USA), and were analyzed using Coulter EPICS XL-MLC Xow cytometer (Beckman Coulter, Fullerton, CA, USA).
Identifying the core amino acid sequence of the CD4 T-cell epitope A series of ELISPOT assays were performed to deWne the core sequence of the novel CD4 T-cell epitope from subject 15-04. All peptides were used at a concentration of 10 M along with 20 U/ml of rhIL-2. One thousand cells from each T-cell clone along with 5 £ 10 4 or 1 £ 10 5 autologous LCL cells were plated to each well in duplicate or triplicate. ELISPOT assays were performed with a set of 9-mer peptides, overlapping by eight amino acids, covering the HPV 16 E6 56-70 region, and with a set of 10-mer peptides overlapping by nine amino acids covering the same region. An ELISPOT assay was repeated with two 10-mer peptides which demonstrated the most numbers of spot forming units, an 11-mer peptide encompassing these two 10-mers, and three 9-mers contained in the 11-mer peptide. Serial diluted peptides (the two 10-mers and the 11-mer) were also tested in an ELISPOT assay to deWne the core sequence of the novel CD4 T-cell epitope.
Identifying the restricting HLA class II molecule
Six allogeneic LCL cells sharing one or more class II molecule(s) with the subject being studied (HLA-DR15, -DR17, -DR51, -DR52, -DQ2, -DQ6) were used for the ELISPOT assay (1 £ 10 3 T-clone cells were plated along with 1 £ 10 5 allogeneic LCL cells per well in triplicate). The E7 56-70 (15-mer) peptide (10 M) and rhIL-2 (20 U/ml) were added. The HLA type shared between the subject and the allogeneic LCL cells with the largest number of spot-forming units was designated to be the restriction element if the results were corroborated with at least two allogeneic LCLs.
HLA typing
HLA typing was performed at the University of Arkansas for Medical Sciences HLA Laboratory by a serological method or polymerase chain reaction sequence-speciWc ampliWcation method.
Results
Patterns of T-cell responses to HPV 16 E7 protein in vaccinated subjects
At least one T-cell line from each of the ten subjects (n = 17) was available to be examined, and cell recovery was adequate for twelve T-cell lines from eight subjects [subject 5-02 time 3, subject 5-03 time 2 (HPV 18), subject 10-01 time 2, subject 10-02 times 1 and 2, subject 15-01 times 1 and 2, subject 15-02 times 2 and 3, subject 15-03 times 1 and 2, and subject 15-04 time 2]. Positive responses to at least one region were demonstrated for four T-cell lines from four subjects (5-02, 10-01, 15-03, 15-04) (Fig. 1) . All of the four subjects were HPV16 positive, and showed a positive T-cell response to the E7 46-70 region. The subjects 15-04 and 10-01 also showed positive
Isolation of T-cell clones
The remaining cells of the T-cell line from subjects 15-03 (6.5 £ 10 5 cells) and 15-04 (1.3 £ 10 6 cells) were used to isolate antigen-speciWc T-cells based on IFN-secretion. Approximately 500 or 1,100 IFN-secretion cells were isolated from subjects 15-03 or 15-04, respectively. While 599 T-cell clones were isolated from subject 15-04, no T-cell clones grew for subject 15-03.
Of a random selection of 376 clones screened, 10 T-cell clones were positive for the E7 46-70 pool, and two clones were positive for the E7 61-85 pool (data not shown). Upon re-testing with individual peptides, six (#11, #45, #207, #304, #329, #349) of ten T-cell clones initially positive for the E7 46-70 pool were positive for the E7 56-70 peptide (Fig. 2a, b) . The two T-cell clones initially positive for the E7 61-85 pool turned out to be false-positives (Fig. 2c) .
Analyzing the surface phenotype of peptide-speciWc T-cell clones
Flow cytometric analysis demonstrated that the surface phenotypes of the clones #11, #45, #207, #304, and #329 were CD3 + CD4 + CD8 -CD16 -and that of clone #349 was CD3 ¡
CD4
¡ CD8 + CD16 + (data not shown). To examine the mode of antigen presentation, ELISPOT assays were performed using autologous LCL cells infected with recombinant vaccinia virus expressing the E7 protein and autologous E7 protein-pulsed DC, respectively. None of the T-cell clones (#11, #45, #207, #304, #329) was positive when E6-vac, E7-vac, and WR infected autologous LCL cells while a known HPV 16 E7 CD8 epitope-speciWc T-cell clone (27G6) was positive (data not shown). On the other hand, all T-cell clones tested (#11, #207, #304) demonstrated IFN-secretion when autologous DC pulsed with E7 protein or E7 56-70 15-mer peptide were used (data not shown). These results suggest that the antigen is presented through the MHC class II pathway, but not through the class I pathway.
Determining the core sequence of the novel CD4 T-cell epitope All 9-mer peptides covering the E7 56-70 region were negative (data not shown). Among the six 10-mer peptides examined, the strongest response was seen for the E7 58-67 peptide, followed by the E7 59-68 peptide for three of the four T-cell clones tested (Fig. 3a) . Another ELISPOT E7 CD4 epitope appears to be E7 58-68 (11-mer). The bars represent standard errors of the means. a E7 58-67 (10-mer) followed by E7 59-68 (10-mer) showed the highest number of spot-forming units among the six overlapping 10-mer peptides in the E7 56-70 region (#11, #45, and #207). A representative example of two experiments is shown. b E7 56-70 (15-mer), E7 58-68 (11-mer), E7 58-67 (10-mer), and E7 59-68 (10-mer) demonstrated equally high number of spot-forming units but not E7 58-66 (9-mer), E7 59-67 (9-mer), and E7 60-68 (9-mer). c Serially diluted E7 58-68 (11-mer), E7 58-67 (10-mer), and E7 59-68 (10-mer) peptides showed equivalent numbers of spot-forming units. A representative result (#207) of two T-cell clones (#45 and #207) tested is shown assay was performed using an 11-mer peptide (E7 58-68) encompassing the two 10-mer peptides with the strongest responses along with E7 56-70 (15-mer), E7 58-67 (10-mer), E7 59-68 (10-mer), E7 58-66 (9-mer), E7 59-67 (9-mer), and E7 60-68 (9-mer) peptides. Equally large numbers of spot-forming units were demonstrated with E7 56-70 (15-mer), E7 58-68 (11-mer), E7 58-67 (10-mer), E7 59-68 (10-mer) (Fig. 3b) . Furthermore, serially diluted E7 58-68 (11-mer), E7 58-67 (10-mer), E7 59-68 (10-mer) peptides demonstrated equivalent numbers of spot forming units with all peptides examined (clones #45 and #207 tested) (Fig. 3c) . The core sequence of the CD4 T-cell epitope was determined to be HPV 16 E7 58-68.
Determining the restricting HLA molecule of the novel CD4 T-cell epitope
The ELISPOT assay demonstrated more spot forming units with the allogeneic LCL cells expressing the HLA-DR17 molecule, but not with LCL cells expressing HLA-DR15, -DQ2, -DQ6, -DR51, or -DR52 (Fig. 4) . Therefore, the restriction element was determined to be the HLA-DR17 molecule.
Discussion
The subjects in this study were participants of a Phase I escalating dose trial of HPV 16/18 E7 DC vaccination [26] . They demonstrated increased CD4 responses to the E7 protein, and delayed-type hypersensitivity responses to the E7 antigen and keyhole limpet hemocyanin (a control antigen) after vaccination. We believe that the reason why we were able to demonstrate potential CD4 T-cell epitopes in only four of eight subjects evaluated was at least partly due to negative eVects of freezing and thawing cells. Cell recovery was variable from sample to sample. In the future, we plan to perform this analysis immediately after in vitro stimulation to avoid the necessity of freezing and thawing. Another less likely possibility is that the series of 15-mer peptides used may be lacking some epitopes contained in the E7 protein.
CD4 T-cells are important in the development of antitumor responses [9, 20, 25, 27] . It is believed that the eVectiveness of these CD4 T-cells lies in their ability to deliver help for priming and maintaining CD8 cytotoxic T-lymphocyte (CTL), which are thought to serve as the dominant eVector cells in tumor elimination. The CD4 T-cells do so by providing activation signals to professional antigen presenting cells necessary for priming of tumor-speciWc CTL [3, 24, 28, 29] , and by producing helper T-lymphocyte type 1 cytokines in the proximity of CTL [5] . Moreover, tumorspeciWc CD4 T-cells may be able to exert their eVects on tumors by producing cytokines that can activate eosinophils as well as macrophages [10] . It has been shown that the macrophages have the abilities to kill tumor cells by producing superoxide and nitric oxide [10] . In our Phase I clinical trial, the HPV 16 E7-speciWc CD4 T-cell responses, but not CD8 T-cell responses, were increased in all vaccine recipients [26] . Taken together, these evidence seem to support the important role of CD4 T-cell activities in antitumor activity.
A peptide-based Phase I/II vaccination clinical trial was performed in recurrent or residual cervical cancer patients using two HPV 16 E7-encoded CTL epitopes and one universal helper T-lymphocyte (Th) epitope (PADRE). Though no CTL responses against the HPV 16 E7 peptide were induced, Th-epitope directed proliferative responses were demonstrated in some patients [23] . Induction of tumor-speciWc CD4 T-cells by vaccination with a speciWc viral Th epitope was shown to induce protective immunity against MHC class II negative, virus-induced tumor cells [20] . Simultaneous vaccination with the tumor-speciWc Th and CTL epitopes resulted in strong synergistic protection. Therefore, the optimal vaccines would incorporate tumor All four subjects who demonstrated the presence of potential T-cell epitopes in this study showed positive T-cell response to the HPV 16 E7 46-70 region. In addition T-cell clones were isolated from subject 15-04 had speciWcities only to this region. It is possible that this region may be the immunodominant region in patients who are treated with DC immunotherapy, and more recipients need to be examined to explore this possibility. Identifying an immunodominant region would lead to the development of new strategies for treating HPV-associated malignancies. Furthermore, this region is likely to contain multiple T-cell epitopes given that the HLA types of the four subjects are diVerent (Table 1) .
Due to eVorts by many investigators [2, 4, 6, 7, 11, 14, 18, 22, 32] , numerous CD8 T-cell epitopes of HPV 16 E6 and E7 proteins have been described, and CD8 epitopes relevant to the vast majority of the population are known. On the other hand, only a handful of HPV-speciWc CD4 T-cell epitopes have been described [i.e., E7 50-62 (33 amino acids long) restricted by DR15, E7 43-77 (35 amino acids long) restricted by DR3, and E7 35-50 (16 amino acids long) restricted by DQ2 described by van der Burg et al. [30] ; and E7 61-80 (20 amino acids long) restricted by DR9 described by Okubo et al. [19] . Recently, Gallagher and Man described one HPV 16 E6 CD4 epitope (E6 127-141 restricted by HLA-DRB1*01) and one HPV 18 E6 CD4 epitope (E6 43-57 restricted by HLA-DRB1*15) [8] . In this manuscript, we have described another novel CD4 T-cell epiotpe: HPV 16 E7 58-68 restricted by the HLA-DR17 molecule. To our knowledge, we are the only group that has studied recipients of DC vaccination. The presence of this epitope would not have been predicted by computer alogarithms since it does not contain known binding motifs [1] . Since the DR17 molecule is a split of DR3 molecule, it is a theoretical possibility that the E7 58-68 sequence represent the core sequence of the E7 43-77 (35 amino acid long) epitope described by van der Burg et al. [30] . It would not be possible to exclude this possibility since other investigators did not attempt to characterize the core sequences of the epitopes they described (usually 10 amino acids in length), and 35 amino acids is long enough to contain multiple CD4 T-cell epitopes. Although we designated HPV 16 E7 58-68 (11 amino acids) to be the core sequence, E7 58-67 (10 amino acids) and E7 59-68 (10 amino acids) were equally eVective in inducing IFNsecretion (Fig. 3c) . Further studies are needed to assess whether the E7 46-60 region represents an immunodominant region, and to describe more CD4 T-cell epitopes since they may be used for more targeted immunotherapy in the future. 
